Alzheimer\'s disease (AD) is the most common neurodegenerative disorder. Aβ, the central component of neuritic plaques, is produced from the amyloid β precursor protein (APP). Under physiological conditions, the majority of APP is processed by α-secretase within the Aβ domain in a non-amyloidogenic pathway. β-cleavage of APP by BACE1 at Asp[@b1] site produces CTFβ C99, which is subsequently processed by the presenilin-dependent γ-secretase complex to generate Aβ in the amyloidogenic pathway[@b1]. APP is a type I transmembrane protein and matured in the ER and the Golgi apparatus before reaching the plasma membrane. It is then rapidly internalized to the endosome and sent to lysosome for degradation[@b2][@b3]. Several AD-associated proteins, including BACE1, TMP21, PS1, aph-1 and nicastrin, are degraded by the ubiquitin proteasome system (UPS)[@b4][@b5][@b6][@b7][@b8]. Autophagy-lysosomal degradation may also require ubiquitin signaling, especially when the proteasome is dysfunctional[@b9]. While it mainly undergoes lysosomal degradation[@b10][@b11], APP is also ubiquitinated and degraded by UPS[@b12][@b13]. These findings suggest that ubiquitin proteasome signaling is important for APP processing and Aβ production.

Deubiquitinating enzymes (DUBs) cleave ubiquitin at its terminal carbonyl Gly-76, and the ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) belongs to the UCH family of DUBs. UCHL1 is expressed predominantly in the brain and neuroendocrine systems, and accounts for 1--2% of total brain soluble proteins[@b14][@b15][@b16]. UCHL1 effectively hydrolyzes amino acids from ubiquitin and cleave di-ubiquitins[@b17]. It also serves as an ubiquitin ligase at higher concentrations, adding ubiquitin to already mono-ubiquitinated proteins[@b18]. In addition, it acts as a free ubiquitin stabilizer, providing ready-to-use ubiquitin for various cellular events[@b19]. UCHL1 expression is tightly regulated and NFκB signaling modulates its expression[@b20]. Dysfunction of UCHL1 has been reported in many neurodegenerative diseases. The I93M missense mutation in UCHL1 was identified in early-onset familial PD cases[@b21]. The E7A recessive mutation resulted in childhood-onset progressive neurodegeneration[@b22]. Genetic deletions of UCHL1 in mouse strain, the *gad* mice, led to phenotypes of gracile axonal dystrophy and premature death[@b23]. Reduced UCHL1 protein level was found in sporadic AD brains[@b24], and overexpression of UCHL1 rescued learning and memory deficits in AD model mice by restoring LTP in the hippocampus[@b25]. We have shown that UCHL1 regulates BACE1 degradation[@b26]. However, whether UCHL1 affects Aβ production and AD progression in a long-term fashion remains unknown.

To determine whether UCHL1 regulates APP processing, double transgenic AD model mice APP23/PS45 were injected with AAV1-UCHL1-GFP or control virus at 7 weeks of age. Overexpression of UCHL1 significantly reduced APP CTF production (p\<0.01) ([Figure 1A, B](#f1){ref-type="fig"}) and markedly lowered Aβ level in the hippocampi of the UCHL1-overexpressing mice 10 weeks after injection (p\<0.05) ([Figure 1C](#f1){ref-type="fig"}). Disruption of UCHL1 gene expression significantly increased APP CTFs in the hippocampi of APP23/*gad* mice compared to APP23 mice ([Figure 1D and E](#f1){ref-type="fig"}). Furthermore, viral expression of UCHL1 significantly lowered the APP level (p\<0.05) ([Figure 1F and G](#f1){ref-type="fig"}), and partial loss of UCHL1 markedly increased the APP level in APP23/*gad* mice (p\<0.05) ([Figure 1H, I](#f1){ref-type="fig"}).

To investigate the underlying mechanisms by which UCHL1 affects APP protein level, the UCHL1 inhibitor LDN-57444 was applied to the Swedish mutant APP cell line 20E2 cells after pZ-UCHL1 transfection ([Figure 2A](#f2){ref-type="fig"}). UCHL1 inhibition led to marked accumulation of mature APP (p\< 0.01) ([Figure 2B](#f2){ref-type="fig"}), whereas overexpression of UCHL1 significantly reduced mature APP level in 20E2 cells (p\< 0.05) ([Figure 2C, D](#f2){ref-type="fig"}). Similar results were also observed in Haw cell line ([Figure 2E and F](#f2){ref-type="fig"}). Next we examined whether UCHL1 regulates APP ubiquitination/de-ubiquitination process. 20E2 cells were transfected with pZ-UCHL1 and then treated with LDN. Cell lysates were immunoprecipitated with anti-APP C20 antibody followed by immunoblot with anti-ubiquitin antibody. LDN reduced the level of ubiquitinated APP ([Figure 2G](#f2){ref-type="fig"}, upper IP gel). The same membrane was blotted with 9E10 to recognize myc, which was attached to the N-terminus of APP in 20E2 cells. The strongest bands were immature and mature full-length APP ([Figure 2G](#f2){ref-type="fig"}, lower IP gel), which corresponded to APP bands in [Figure 2A](#f2){ref-type="fig"} (at 0 and 6 hours). On the contrary, overexpression of UCHL1 elevated the level of APP-ubiquitin conjugates ([Figure 2H](#f2){ref-type="fig"}). Consistently, overexpression of UCHL1 increased the level of ubiquitinated wildtype APP as well ([Figure 2I](#f2){ref-type="fig"}). The results indicated that UCHL1 accelerated APP degradation by enhancing its ubiquitination.

Facilitation of APP degradation by UCHL1 could be through the lysosomal or proteasomal pathway. We found that lysosomal inhibitor chloroquine significantly accumulated mature APP in the Haw cell (p\<0.01) ([Figure 3A, B](#f3){ref-type="fig"}). Surprisingly, proteasomal inhibitor MG132 decreased mature APP level (p\<0.05) ([Figure 3A, B](#f3){ref-type="fig"}). It may be due to the blockage of APP maturation by MG132[@b27]. Supporting evidence included its little effect on newly synthesized immature APP (lower lane in [Fig 3A](#f3){ref-type="fig"}) but substantial effect on mature APP (upper lane in [Fig 3A](#f3){ref-type="fig"}). The experiments were replicated in 20E2 cells. Chloroquine treatment led to marked APP accumulation (p\<0.05) ([Figure 3C, D](#f3){ref-type="fig"}), while MG132 treatment reduced mature APP level (p\<0.05) ([Figure 3C, D](#f3){ref-type="fig"}). To investigate whether UCHL1 reduced APP protein level by the lysosomal degradation, Haw cells were transfected with UCHL1 and then treated with 100 μM chloroquine ([Figure 3E](#f3){ref-type="fig"}). Lysosomal inhibition attenuated the effect of UCHL1 on APP protein level, resulting in abolishment of the UCHL1\'s inhibitory effect on APP (p\>0.05) ([Figure 3F](#f3){ref-type="fig"}). We replicated the experiments and obtained same results in 20E2 cells (p\>0.05) ([Figure 3G and H](#f3){ref-type="fig"}). Our results indicated that UCHL1 promoted the degradation of APP via the lysosomal pathway.

To investigate whether UCHL1 physically interacts with APP, Haw cells were transfected with UCHL1 and then treated with chloroquine. Co-immunoprecipitation assay showed the interaction between UCHL1 and APP, and the interaction was potentiated by chloroquine ([Figure 3I](#f3){ref-type="fig"}). To investigate whether UCHL1 promotes the ubiquitination and degradation of APP by regulating the free ubiquitin pool, Haw cells were co-transfected with pZ-UCHL1-st and ubiquitin-expression plasmid pCW7. Overexpression of UCHL1 significantly elevated free ubiquitin levels (p\<0.05) ([Figure 3J, L](#f3){ref-type="fig"}), and overexpression of ubiquitin further increased free ubiquitin levels (p\<0.01) ([Figure 3J, L](#f3){ref-type="fig"}). Mature APP level was reduced by UCHL1 as expected (p\<0.05) ([Figure 4J](#f4){ref-type="fig"}), and was further reduced by ubiquitin expression (p\<0.01) ([Figure 3J, K](#f3){ref-type="fig"}). The results indicate that the increased free ubiquitin level by UCHL1 may be responsible for increasing ubiquitinated APP and decreasing mature APP.

Next we examined the effect of UCHL1 on Alzheimer\'s development *in vivo*. APP23/PS45 mice were intracranially injected with AAV1-UCHL1-GFP or its control AAV1-GFP at 7 weeks of age. GFP and UCHL1 protein level were markedly increased in UCHL1-GFP virus-infected hippocampal area 10 weeks after injection ([Supplemental Figure 1B and C](#s1){ref-type="supplementary-material"}). In mice that were unilaterally injected with AAV1-UCHL1-GFP, GFP was robustly expressed in dentate gyrus and CA3 of the hippocampus ipsilaterally ([Supplementary Figure 1D](#s1){ref-type="supplementary-material"}). In addition, UCHL1 was co-expressed with GFP in AAV1-UCHL1-GFP-infected mice, but not in those infected with AAV1-GFP ([Supplemental Figure 1E](#s1){ref-type="supplementary-material"}). UCHL1 overexpression significantly reduced the number of neuritic plaques in the hippocampal region (p\<0.01) ([Figure 4Aa and b, B](#f4){ref-type="fig"}) and in the neocortex area of APP23/PS45 mice (p\<0.01) ([Figure 4Ca and b, D](#f4){ref-type="fig"}). Thioflavin-S staining confirmed the reduction of plaque formation in UCHL1-overexpressed mice ([Figure 4Ac,d and Cc, d](#f4){ref-type="fig"}). We also knocked down UCHL1 expression in APP23 transgenic mice by breeding APP23 mice with heterozygous *gad* mice. At 6 months old APP23 mice merely started to develop Aβ plaques, with at most 1 to 2 plaques per slice. The plaque numbers were increased in APP23/*gad* mice compared to APP23 ([Figure 4E and F](#f4){ref-type="fig"}). The results indicate that knockdown of UCHL1 expression facilitates neuritic plaque formation in APP23 mice.

To investigate whether UCHL1 overexpression improves learning and memory deficit in AD model mice, Morris water maze was carried out in AAV-UCHL1-GFP-injected APP23/PS45 mice and the control group. There were no difference of the escape latency (p\>0.05) ([Figure 4G](#f4){ref-type="fig"}) or swimming speed (p\>0.05) ([Figure 4H](#f4){ref-type="fig"}) on day 1 of the visible platform test between the UCHL1-overexpressed and control groups, indicating that viral infection and UCHL1 overexpression did not affect the swimming ability or vision. In the hidden platform test UCHL1-overexpression significantly shortened escape latency of the AD mice (p\<0.05) ([Figure 4I](#f4){ref-type="fig"}). In the probe trial test, UCHL1-overexpressing mice spent markedly more time in the hidden platform quadrant (p\<0.05) ([Figure 4J](#f4){ref-type="fig"}). To further confirm UCHL1\'s effect on learning and memory deficits, we crossed the *gad* mice with APP23. There were no difference of the escape latency (p\>0.05) ([Figure 4K](#f4){ref-type="fig"}) or swimming speed (p\>0.05) in the visible platform test ([Figure 4L](#f4){ref-type="fig"}) between APP23 and APP23/*gad* mice. In the hidden platform tests, APP23/*gad* mice showed significantly prolonged escape latency compared to APP23 mice (p\<0.05) ([Figure 4M](#f4){ref-type="fig"}). APP23/*gad* mice passed the virtual platform less frequently than APP23 mice in the hidden platform test (p\< 0.05) ([Figure 4N](#f4){ref-type="fig"}). Taken together, these data demonstrated that UCHL1 expression rescued memory deficits in AD model mice, whereas reducing UCHL1 expression exacerbated the memory deficits in AD model mice.

Dysfunction of UCHL1 has been implicated in neurodegenerative diseases. Here we demonstrated that UCHL1 interacts with APP and that APP undergoes UCHL1-assisted ubiquitination followed by trafficking to lysosome for degradation. Our study showed that reduction of UCHL1 exacerbates AD-like pathology and behavioral performance in APP23/*gad* mice. The data suggests that the lower expression of UCHL1 may be partially responsible for Alzheimer pathophysiology and cognitive impairment. We delivered UCHL1 into the hippocampal region of the mice by intracranial injection of UCHL1-expressing AAV. Overexpression of UCHL1 reduced Aβ production, inhibited neuritic plaque formation and improved memory deficits in AD model mice. Long-term expression by AAV delivery has been verified with no significant adverse events from the viral delivery method. Our work is the first to suggest that UCHL1 delays AD progression in a long-term fashion, and that rAAV-mediated UCHL1 gene therapy to overexpress UCHL1 in the brain could be a promising disease-modifying strategy for AD therapeutics.

Methods
=======

Experimental procedures were carried out in accordance with the guidelines and approved protocols by The University of British Columbia Animal Care and Use Committee and Biosafety Committee. To generate the adeno-associated virus (AAV) expressing UCHL1, the human UCHL1 cDNA sequence was cloned into the pAAV-GFP-cDNA6 vector. APP23 transgenic mice carry human APP751 cDNA with the Swedish mutation and PS45 transgenic mice carry human PS1 cDNA with the G384A mutation. The gracile axonal dystrophy (*gad*) mouse carries a spontaneous mutant with an in-frame deletion in exons 7 and 8 of *UCHL1* and is equivalent to a UCHL1 knockout mouse model. APP and Aβ proteins were assayed in AAV-infected AD mice or APP23/*gad* mice. Neuritic plaque formation was assessed by immunostaining with 4G8 antibody and Thioflavin-S staining[@b28][@b29]. Morris water maze test was used to determine the learning and memory deficits[@b30]. Full Methods and any associated references are described in [Online Supplemental Data](#s1){ref-type="supplementary-material"}.
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![UCHL1 regulates APP processing and Aβ production *in vivo*.\
(A, B) APP CTFs in hippocampal tissues were lower in AAV1-UCHL1-GFP-infected than in AAV1-GFP-infected APP23/PS45 mice controls. N = 8 for each group. \*\*p\<0.01 by Student\'s *t*-test. (C) Aβ40 of AAV1-UCHL1-GFP-infected mice was significantly lower than control mice. N = 5 for each group. \*p\<0.05 by Student\'s *t*-test. (D, E) APP CTFs from hippocampal tissues of APP23/*gad* were higher than APP23 mice. N = 8 for each group. \*p\<0.05 by Student\'s *t*-test. (F, G) Endogenous APP from hippocampal tissues of AAV1-UCHL1-GFP-injected was lower than in controls. N = 8 for each group. \*p\<0.05 by Student\'s *t*-test. (H, I) Endogenous APP from hippocampal tissues of APP23/*gad* were higher than in APP23 mice. N = 8 for each group. \*p\<0.05 by Student\'s *t*-test. The values are expressed as mean ± SEM.](srep07298-f1){#f1}

![UCHL1 reduces mature APP protein level and promotes APP ubiquitination.\
(A, B) Swedish mutant APP stable 20E2 cells were transfected with pz-UCHL1-st and then treated with LDN. Inhibition of UCHL1 significantly elevated mature APP level. N = 3, \*\*p\<0.01 by ANOVA followed by *post-hoc* Newman-Keuls test. (C, D) Overexpression of UCHL1 markedly reduced mature Swedish mutant APP level in 20E2 cells. N = 3, \*p\<0.05, by Student\'s t-test. (E, F) Overexpression of UCHL1 markedly reduced mature wildtype APP level in Haw cells. N = 3, \*p\<0.05, by Student\'s t-test. Values represent mean ± SEM. (G) 20E2 cells were transfected with pz-UCHL1-st and then treated with LDN. High-molecular-weight (HMW) APP complex was reduced by LDN. Cell lysates were immunoprecipitated with C20 antibody followed by western blot with anti-ubiquitin antibody. The same membrane was then blotted with 9E10 to recognize myc, which was attached to the N-terminus of APP in 20E2 cells. Negative control lysate was immunoprecipitated with pre-bleed of C20 antibody serum. (H) 20E2 cells were transfected with pz-UCHL1-st or control plasmid for 48 h before lysed. Overexpression of UCHL1 enhanced HMW Swedish APP level. (I) The experiment in (H) was replicated in Haw cells. Overexpression of UCHL1 elevated HMW wildtype APP level.](srep07298-f2){#f2}

![Lysosomal inhibition attenuates the effect of UCHL1 on APP, and UCHL1 interacts with APP and increases free ubiquitin levels in the cell.\
(A, B) Haw cells were treated with 5 μM MG132, 100 μM chloroquine or control solutions for 6 h. MG132 treatment reduced mature APP level, whereas chloroquine treatment enhanced it. N = 3, \*p\<0.05, \*\*p\<0.01 by ANOVA followed by *post-hoc* Newman-Keuls test. (C, D) 20E2 cells were treated MG132, chloroquine or control solutions. N = 3, \*p\<0.05 by ANOVA. (E, F) Haw cells were transfected with pz-UCHL1-st or control plasmid for 48 h and then treated with chloroquine. Chloroquine treatment attenuated the difference in APP level between UCHL1 and control groups. N = 3, \*p\<0.05, \*\*p\<0.01 by ANOVA. (G, H) The experiments in (E) were replicated in 20E2 cells. N = 3, \*p\<0.05, \*\*p\<0.01 by ANOVA. Values represent mean ± SEM. (I) Haw cells were transfected with pZ-UCHL1-st and then treated with 100 μM chloroquine. Cell lysates were immunoprecipitated with C20 antibody and then immunoblotted with anti-UCHL1 antibody BH7 (Novus Bio). Interaction between UCHL1 and APP was detected and the interaction was enhanced with chloroquine. (J) Haw cells were co-transfected with pZ-UCHL1-st and ubiquitin expression plasmid pCW7. APP was detected by C20 antibody and ubiquitin detected by rabbit anti-ubiquitin antibody (Calbiochem). (K) Overexpression of UCHL1 significantly reduced mature APP level. Overexpression of ubiquitin further downregulated mature APP. N = 3, \*p\<0.05, \*\*p\<0.01 by ANOVA. (L) Overexpression of UCHL1 upregulated ubiquitin level. N = 3, \*p\<0.05, \*\*p\<0.01 by ANOVA. Values represent mean ± SEM.](srep07298-f3){#f3}

![Overexpression of UCHL1 decreases plaque formation and improves learning and memory deficits.\
(A) Viruses were bilaterally injected into the hippocampal region of APP23/PS45 mice at the age of seven weeks old. The mice were then sacrificed at 17 weeks old. Neuritic plaques were detected by 4G8 antibody. The arrows indicate plaques in AAV1-GFP control virus (Aa) or AAV1-UCHL1-GFP injection (Ab). The plaques were confirmed by thioflavin-S staining (Ac and d). (B) Quantification of neuritic plaques in (A, a-b) by Image J (NIH). The value represents mean ± SEM. *n* = 8 for each group. \*\*p \< 0.01 by Student\'s *t*-test. (C) Detection of neuritic plaques in the cortical region in AAV1-UCHL1-GFP -injected mice (Cb) and controls (Ca). The plaques were confirmed by thioflavin-S staining (Cc and d). Bar: 500 μm. (D) Quantification of neuritic plaques in (C, a-b). *n* = 8 for each group. \*\*p \< 0.01 by Student\'s *t*-test. (E) Neuritic plaques in six-month-old APP23 and APP23/*gad* mice were examined by thioflavin-S staining. (F) Quantification of (E). *n* = 8 for each group. \*p \< 0.05 by Student\'s *t*-test. (G-J) Eight weeks after AAV1-UCHL1-GFP or AAV1-GFP injection, APP23/PS45 mice were subjected to Morris water maze test at the age of 15 weeks old. n = 16 for AAV1-GFP group, n = 13 for AAV1-UCHL1-GFP group. On the first day of visible platform test, AAV-UCHL1-GFP-injected mice displayed similar escape latency (G) and swimming speed (H) as control mice. p\>0.05 by Student\'s *t*-test. (I) During hidden platform test, AAV1-UCHL1-GFP mice exhibited shorter escape latency. \*p\<0.05 by two-way ANOVA group comparison. (J) On day 6 of the probe trial, AAV1-UCHL1-GFP-injected mice spent more time in the target quadrant than controls. \*p\<0.05 by Student\'s *t*-test. The values are expressed as mean ± SEM. (K-N) Six-month-old APP23 or APP23/*gad* mice were subjected to Morris water maze test. n = 12 for APP23 group, n = 11 for APP23/*gad* group. (K) Escape latency and (L) swimming speed. P\>0.05 by Student\'s *t*-test. (M) Hidden platform tests. \*p\<0.05 by two-way ANOVA *post-hoc* Bonferroni test. (N) The probe trial on day 6. \*p\<0.05 by Student\'s *t*-test.](srep07298-f4){#f4}
